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ABSTRACT 


An  analytical  study  of  the  wave-realstanoe  oharao> 
terlstics  of  near-surface  bodies  was  conducted  to  determine 
l)  for  a  given  length  euid  displacement,  what  changes  in 
body- surface  geometry  are  necessary  to  cause  wave-resistance 
reduction,  and  2)  how  geometrical  change  affects  the  wave- 
resistance  behavior  with  Froude  number  and  submergence  depth. 
The  general  wave-resistance  expression  for  a  perturbed  ellips¬ 
oid  with  the  constraints  of  constant  displacement  and  length 
Is  formulated.  A  digital  computer  solution  of  this  variational 
problem  Is  obtained  for  the  case  of  the  spheroid  due  to  avail¬ 
able  computer- size  limitations. 

The  effects  of  fineness  ratio  and  submergence- to- 
length  ratio  on  the  Froude  number  behavior  of  the  wave  re¬ 
sistance  for  a  range  of  perturbations  Is  demonstrated.  Sub¬ 
stantial  reduction  in  wave  resistance.  Is  possible  for  all 
Froude  numbers  above  and  slightly  below  the  optimum  Froude 
number  for  a  particular  perturbation  distribution.  For 
Froude  numbers  lower  than  approximately  lOS^  below  the  optimum 
Froude  number,  a  large  Increase  In  wave-resistance  coefficient 
may  be  obtained  depending  upon  the  perturbation  used.  Since 
this  generally  occurs  at  low  Froude  numbers,  the  actual  In¬ 
crease  In  total  resistance  experienced  for  perturbations 
yielding  acceptable  geometrical  changes  should  be  quite  ac¬ 
ceptable.  Depending  upon  the  optimum  Froude  number,  the  geo¬ 
metrical  changes  required  for  wave- resistance  reduction  fall 
Into  two  classes:  l)  mldsectlon  bulge  with  finer  bow  and  stern 
for  Froude  numbers  below  0.32;  and  2)  above  0.32  Froude  number 
a  mldsectlon  pinch  with  bulging  bow  and  stern. 
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NOMENCLATURE 


^2*  ^3 

A. 
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Ti 


Xg,  X3 
?ii  ^a* 


M 

f' 


aeml-axes  of  an  ellipsoid 
perturbation  parameter 
diameter  of  spheroid 
eccentricity  of  ellipse 
Proude  number 
acceleration  of  gravity 

U® 

longitudinal  added  mass  coefficient 
radius 

wave  reslstemce 
wave-resistance  coefficient 
constant  uniform  stream  velocity 
rectangular  coordinates 
rectangular  coordinates 
velocity  potential 

strength  of  doublets  with  axes  in  the  positive 
x^-dlrectlon 

normalized  strength  of  doublets  with  axes  In  the 
positive  x^-dlrectlon 

mass  density  of  fluid 


Subscript  m  denotes  optimum  value 
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INTRODUCTION 


As  an  Integral  part  of  the  research  pi’ogram  on 
high-speed  ship  forms  at  Davidson  Laboratory,  an  analytical 
Investigation  Into  the  reduction  of  the  wave  resistance  of  a 
submerged  body  moving  close  to  the  water  surface  was  con¬ 
ducted.  The  major  problems  of  Interest  in  the  Investigation 
were: 

( 1)  For  a  given  volume  and  length,  how  should  the 
surface  geometry  be  changed  In  order  to  cause  a  reduction  in 
wave  resistsmce? 

(2)  How  does  the  geometrical  chsuige  affect  the 
wave- resistance  behavior  with  Froude  number  and  depth  of  im¬ 
mersion? 

The  linearized  theory  of  wave  resistance  for  bodies 
moving  near  the  surface  has  been  well  established  by  Mlchell, 
Havelock,  Lunde,  etc.  These  theories  Impose  a  linearized 
free-surface  boundary  condition  on  the  velocity  potential. 

The  wave- real stance  expression  Is  an  integral  with  a  quad¬ 
ratic  Integrand  consisting  either  of  functions  that  define 
the  shape  of  the  hull,  or  functions  that  define  some  type  of 
hydrodynamic  singularities  by  which  the  hull  Is  generated. 

The  latter  type  of  Integrand,  being  mathematically  more 
tractable.  Is  used  In  this  study.  The  purpose  here  Is  to 
find  a  hull  geometry  of  minimum  wave  resistance.  Therefore, 
the  Investigation  becomes  a  variational  problem,  and  It  Is 
apparent  that  the  variation  should  be  In  the  hydrodynamic 
singularities. 

Weinblura^  treated  such  a  minimum  problem  by  con¬ 
sidering  a  family  of  hull  curves  whose  doublet  distribution 
was  expressed  by  polynomials  having  several  arbitrary  pa¬ 
rameters.  His  result  shows  that,  for  a  given  Froude  number 
and  Immersion  depth,  the  doublet  distribution  and  Its 
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oorrespondlng  wave  resistance  can  be  evaluated  In  terms  of 
a  table  of  functions.  However*  no  comparison  can  be  made 
with  his  results  because  the  hull  displacement  Is  not  con¬ 
strained. 

The  general  case  of  a  perturbed  ellipsoid  Is  con¬ 
sidered  In  this  analysis.  It  Is  approached  as  a  variational 
problem  with  constant  displacement  as  a  subsidiary  condition. 
The  ellipsoid  Is  represented  by  doublets  distributed  over  the 
confocal  ellipse.  This  doublet  distribution  Is  then  perturbed 
such  that  the  perturbation  will  have  no  Influence  on  the 
volume  of  the  ellipsoid*  and  will  produce  a  new  hull  with  less 
wave  resistance. 


THEORY 


Throughout  the  discussion*  the  axes  Xj_*  Xg  Euid  X3 
of  a  right-hand  Cartesian  coordinate  system  are  fixed  on  the 
moving  body.  The  origin  0  has  been  taken  at  the  geometric 
center  of  the  body  with  Ox^  parallel  to  the  direction  of 
motion  and  0X3  vertically  upward.  The  fluid  Is  assumed  to  be 
Incompressible  and  Invlscld.  The  motion  Is  Irrotatlonal  and 
characterized  by  a  velocity  potential  4>  which  defines  the 
fluid  velocity  q  by  q  -  -70.  The  wave  height  on  the  free 
surface  Is  taken  to  be  small  In  comparison  to  the  wave  length. 


Consldor  an  ellipsoid  with  semi-axes  ai>a2>a3  moving 
In  an  Infinite  fluid  at  a  constant  speed  U  along  the 
Xj-dlrectlon.  The  velocity  potential  which  describes  the 
absolute  motion  of  the  fluid  Is  given  by® 


0o(Xi*X2*Xg) 


Mq( ^2) 
aQ 


d 

5e. 


(i) 


(1) 


where 
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I  ( 


] ; 
i 

I  ‘ 


-  !!£i  [1  -iJ±f  -  (~h)A 

°  TT  L  aie'  'age'  J 

(2) 

e®  =  1  -  (fa)^ 
ai 

(3) 

e"  »  1  - 

(4) 

(5) 

0 „  r~  dx 

a,  aiSpar,  I 

( af+X)  yj  (  af+X)  (  a|+X)  (  a|+X) 

(6) 

r^  =  +  (xa-^a)®  +  (x3-^3)2 

(7) 

The  surface  Integral  In  eq.  1  Is  taken  over  the  confocal 
ellipse 

+  (isl)*  -  1  (8) 

on  the  plane  ^3  =  0.  Let  the  ellipsoid  be  perturbed  such  that 
the  perturbation  can  be  represented  by  a  doublet  distribution 
In  addition  to  the  original  doublet  distribution 

is  bounded  by  the  seune  confocal  ellipse 
given  by  eq.  8.  The  perturbation  potential  Is  then 

(/)i(xi,X2,X3)  =1^  tixiixfiz)  (9) 

^3=0 


The  resultant  potential  for  the  perturbed  ellipsoid  becomes 


^(Xj^jXg^Xg) 


^3=0 


(lOa) 
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(lOb) 


where  +  <I>j^{x^^,X2,Xq) 

and  (lOc) 

la  the  resultant  doublet  distribution.  It  Is  required  that 
the  volume  remains  constant  upon  this  perturbation;  therefore,* 


=•  0  (ll) 

“  0 

By  letting  “  Mo(?i»?a)®-»  where  Q  =  Q(ei*?2) 

Is  an  arbitrary  function  to  be  chosen  later,  eq.  10  becomes 


^3=0 


(12) 


*  According  to  Taylor’s  added  mass  theorem, 

UpV(  l+k^)=47rpJ[(M  +Mi)deide2=UpV^(  l+k°)+47Tp  JJp  ^d^^d^a 
where  k^,  V  and  ki,VQ  are  longitudinal  added  mass  coef¬ 
ficient  and  volume  of  the  perturbed  and  unperturbed 
ellipsoid,  respectively. 


Then  V(l+k^)  -  V^jd+k?)  =  =  0  by  eq.  11 

'' ' 

For  elongated  bodies  of  approximately  same  length  and  l/d, 
ki  and  k°  are  small  in  comparison  to  unity;  also  they  are 
of  the  same  order  of  magnitude,  l.e,  k^-k®  Is  very  small. 
Therefore, 

1+k?  , 

iSj  ?  1  or  V  = 
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When  the  body  Is  moving  below  a  free  surface,  the 
velocity  potential  must  satisfy  the  linearized  boundary  con¬ 
dition 


+  k 


o  ^3 


=  0 


(13) 


where 


on  the  free  surface  (X3  =  f ) . 

The  Green's  function,  satisfying  this  condition  (eq.  13),  Is 
given  by 


0(x^,X2,X3}  “  TT  “  V. 


-  4k 


TT 


TT 


Re 


|*sec‘ 


k[(x3+  ?3-2f)+l{xi-?i)cose]  ,  .  \ 

0.  e  cos  |.k(  Xp,-gg)  slnOL 

■'e 
(14) 


k-k^sec^0 


kd0 


0  0-^ 

where  rf  =  (x^-^i)^  +  (xg-^s)^  +  (x3+^3-2f)^ 


Physically,  the  Green’s  function  repi-esents  the  velocity 
potential  of  a  source  moving  at  a  depth  f  below  the  free  sur¬ 
face.  Therefore,  to  a  first-order  approximation,  the  velocity 
potential  of  the  body,  represented  by  the  doublet  distribution 
M(?i»?a),  moving  below  a  free  surface  may  be  expressed  as 

-K  =  <I)(xi,X2,X3)  =  j|  |u(?i,?2)  ||  d^^d^2  (15) 

U=  0 

Substituting  eq.  14  into  eq.  15,  the  potential  ^  for  (xj-5j)>0 
and  (x^-^j)  <0  becomes,  respectively, 
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5  loo 

-  ~  Im  I  I  I  J^_|j^gg^2y  [k(x2-?2)  Sine] 

0  0° 

gk[(x3-2f)  +  i(xi-?i)cose]^^^^^^^j^^g 

and  4.  =j|  (x^-?J(^-  i)  d|^d?2 

TT  loo 

Me.-u  f  f  iriff-.  CO.  [k(x,-gj  smo] 

0  0 

g-k[(x3-2f)  °°3®3de^de3dkde 

cos  [k3(Xi-?j^)sece] .  cos[k^(x2- 
k  (x3-2f)  sec^e 

sec^O  sine]  sec°e  e  d^^d^gd® 


From  ref.  6,  the  wave- resistance  expression  derived 
from  a  consideration  of  the  energy  expended  in  the  production 
of  waves  Is  given  as  f  ^oo 


dx- 


X3=f 

X£-»-oo 


dx- 


dX2dX3 


Jx  j-*-oo 


(16) 


From  ref.  5,  the  velocity  potential  of  4  at  Xj-*-oo  can  be  ap¬ 
proximated  to  the  form 
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(17) 


H/2 


=  8k« 


X^-oo  0 


qi(-a^)cos 


k  (x3-2f)sec®e 

aec®0  •  e  d^id^gdB 


where  Qj^  =  ICq^i®  secfi  »  Qg  “  aec®e  sin©  . 


0“2' 


Substituting  eq.  17  Into  eq.  l6,  one  gets: 

fir 

R  =  l67rpkM  (Pf+Pi+P|+P®)sec®0e  d© 

0 

where 


Px  =J^M(?,,?a)cos  q^(^g)co3  q3(^)d?^d?^ 

Pa  =j|M(^^.eJaln  q^(^g)co3  q^(^d^^de2 

/7*  ?  ? 

P3  =|^Ui,?2)  Sin  q^(^g)sln 

cc  ^  ? 

P4 


(18) 

(19a) 

(19b) 

(19c) 

(I9d) 


The  P^  terms  in  eq.  18  are  all  positive  definite  quantities. 
Therefore,  each  P|  term  will  contribute  to  wave  resistance. 
However,  if  pdgj,  is  an  even  function  with  respect  to  and 
,  l.e.,  m(?i,?2)  =  then  P^,  P3  and  P^  vanish 

Identically  which  to  some  extent  reduces  the  resistance  R.  As 
a  result,  doubly- symmetric  bodies  are  better  forms  as  far  as 
wave  resistance  is  concerned. 

Consequently,  the  expression  of  the  doublet  distribu¬ 
tion  takes  the  form: 
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1 


TT 


-  (— 

>  A  A' 


a^e' 


a 


1/2 

(1  +  Q) 


Q  will  be  chosen  as  an  even  function  with  respect  to  and 
^2  .  Obviously,  the  choice  of  Q  Is  not  unique  under  these  con¬ 
straints.  For  the  sake  of  mathematical  simplicity,  the  choice 
of  Q  for  the  present  study  Is 


Q(  €,»?_)  =  -  A  cos  v(-^)  (20) 

1  2  aie  agS 

where  A,  X  and  v  are  arbitrary  parameters  to  be  determined. 
The  doublet  distribution  expression  now  takes  the  form 


—  1  -  (-^) 
TT  L  a^e 


-  A  cos  X(^ir)cosv(-|^ 


(21) 


Substituting  eq.  20  Into  the  constraint  equation  (eq.  ll),  one 
obtains 


2 


=  0 


which  can.be  satisfied  If  (see  Appendix) 

A(>|xW)  '  J,/,  t</x=+v=)  =  0 


For  nontrivial  solution  of  A,  X  and  v,  one  has 

^X®  +  V®  =  tan'^X^  +  V®  (22) 

Substituting  eq.  21  Into  eqs.  19a  through  19d,  the  results  are 
( see  Appendix) 

^  =  UD,  (V^Q  -  A^)  (23) 

Pg  =  0,  P3  =  0,  and  P^  =  0  (24) 

where 
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and  sec  0 ;  =  *^0^2®  sec^  0  sin© 

Substituting  eq.  23  Into  eq.  I8,  R  becomes 


R  =  l67rpk^(UDj2  a^)2  g(e)d0  (25) 


-kgfsec^e 

where  g( 0)  =  sec^Qe 


Let  L  =  2a^, 


1 

gE  2koa^ 


and  r'=  - - - 

-  pU^L^ 
2 


Where  F  Is  the  Proude  number,  and  R' Is  the  wave  resistance 
coefficient.  Then 

ITT 

^  (V'o  -  g(®)  d  ®  (26) 

0 


where  K  =  — 
2 


1 


Denoting 
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TT 


Ro  =  K  J 

1  g(  ® 

(27a) 

R  =  K 

0 

1  g(®)  ci0 

(27b) 

X 

and  R  =  K 

0 

f  w 

g{&)  6  9 

(27c) 

0 

R' can  be  written  in  terms  of  a 

perturbation  parameter  A*  as 

follows: 

R*(A)  = 

Ro  -  2AR^  +  A^Rg 

(28) 

The  first  and  second  varlatlcns  of  R*(a)  are  given,  respectively, 
as 


aR»(A)=  2(-  R^  +  AR^)  6A 

(29) 

and 

6^R'(a)=  2R^(6A)2 

(30) 

since  Rg  Is  positive  definite  as  seen  from  eq.  27c,  eq.  30 

shows  that  If  R'(a)  has  an  extremal.  It  Is  a  minimum, 
mum  of  R’  occurs  at 

The  mlnl- 

R  ,** 

(31) 

and  has  a  value 

R^ 

r»(aJ  =  r  '  =  -  — 

'  nK  m  Or 

“2 

(32) 

*R  Is  also  a  function  of  X  and  v,  but  the  major  parameter  which 
reduces  wave  resistance  is  the  parameter  A.  R  (x  v) 

**Slnce  R^=R^(X,v)  and  R2=R3(X,v),  therefore  Aj^=aJx,v)  = 

then  for  various  values  of  (X,v)  that  satisfy  eq.  31  and  the 
constraint  condition  eq.  22,  a  family  of  hull  forms  of  similar 
wave-resistance  characteristics  will  result. 
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since  It  Is  not  possible  to  obtain  a  closed  form 
solution  of  Rq,  and  R^,  the  problem  solution  requires  the 
use  of  a  large  capacity  digital  computer.  Due  to  the  limited 
capacity  and  speed  of  Stevens  Institute's  1620  IBM  computer, 
numerical  results  are  presented  only  for  the  general  case  of 
a  perturbed  spheroid. 


The  equations  of  a  perturbed  spheroid  can  be  obtained 
by  taking  limits  of  the  perturbed  ellipsoid  equations,  l.e., 
let  n  =  0,  — ►  0  and  e-*0.  The  spheroid  equations  then  be¬ 

come  for  doublet  strength : 


m(0  = 


U(a^e)2 


■Lii-  - 

_1  . 


(1  -  (i  _  A  cos  X?)  (33) 


where  |  =  - —  and  -1  <  ?  <  1  , 
a^^e 

and  for  the  potential  In  an  Infinite  fluid: 


*  (5)  -  [  u(5)  (i)d5 


(34) 


where  r^  =  (x,  -  a  e?)^  +  y^;  y^  =  +  x^ . 

11  2  3 

The  characteristic  equation  resulting  from  the  constant  volume 
constraint  reduces  to; 


X  =  tan  X  . 


(35) 


K,  and  f  are  different. 


The  expressions  R^,  R^,  R^,  R',  and  R^J^  remain  unchanged,  but 
•e 

1; 


R^  =K 


R  =  K 
1 


'5 

,  g(  ®)  d  e 
'0  ° 


V'  V'o  e(0 )  d  0 


(36a) 


(36b) 
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Rg  =  K  )  ^  g(e)  dB 

®  0 

R'  =  R  -  2AR  +  A^R, 

0  12 


R® 

RJi  =  R  - 

m  o  R^ 


K  =  - 


'‘f-^  - 

1  -  . 


2 

i>^  =  —  (sin  cos  q^) 


sln(X-q  )  -  (X-q  )cos(X-q  )  sln(X+q  ) 
f  *  - i - +  - L_ 


(x-qj' 


where  q  =  -  sec  6  • 

1  2F^ 


(36c) 

(37) 

(38) 

(39) 


-  (^+qj^)cos(X+q^) 

(x+qj^ 


Mo(0  = 


QEOMETRY  OF  PERTURBED  SPHEROID* 
The  doublet  distribution  between  foci 

Ua^e^d  -  e) 


-  tn(^) 

1-e^ 


,  i  = 


a^e 


(40) 


-e' 


is  the  image  of  the  uniform  stream  -U  within  the  spheroid: 

=  a^d  -  e^)  (1  -  e^e)  (4l) 


*  This  method  is  suggested  by  Professor  L.  Landweber,  from 
the  State  University  of  Iowa. 
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An  Increment  In  the  doublet  distribution  A/i  will  produce  a 
change  In  the  ordinate  of  the  spheroid  which.  It  will  be  assumed. 
Is  given  by  modified  Munk's  formula: 

1  +  k 

A/i  =  - i-  ua(  r®)  (  42) 

4 


where  k  Is  the  added  mass  coefficient  of  the  spheroid  given 
by^® 


(43) 


Taking  A/i  =  cob  together  with  eqs.  40,  42  and 

43: 


Aaf(l-e®) 

A(r^)  - - (l-4^)  cos 


(44) 


combine  eqs.  41  and  44  and  get: 

r^(5)  =  r|  +  6{r^)  =  a^d  -e^)  [l-e^^^-  |(l-^^)cos  X?] 


cos  I  (f.) 


45) 

(46) 


where  r(x)  Is  the  radius  of  the  perturbed  spheroid  along  the 
x-axls 

(^)  Is  the  slenderness  ration  of  the  undisturbed 
spheroid. 


RESULTS  AND  ANALYSIS 

The  optimum  perturbation  parameter  A^^^  Is  plotted 
versus  Froude  number  In  Pig.  1.  At  Proude  numbers  below  .30, 
Is  almost  Independent  of  both  slenderness  and  Immersion 
ratio.  For  Froude  numbers  .28<  P<  .30,  A^^^  shows  little  change 
and  has  a  value  of  approximately  A^^  =  -.20.  For  P  >.30,  A^^^ 
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varies  significantly  with  depth,  f/L,  but  varies  very  little 
with  fineness  ratio,  D/L.  This  result  Is  expected  because  at 
Infinite  depth,  there  Is  no  wave  resistance. 

By  examining  the  doublet  distribution,  one  can  obtain  a 
good  Indication  of  what  the  approximate  hull  form  will  be  like. 
Therefore,  from  eq.  33»  one  may  conclude  that: 

1)  for  A  <  0,  the  hull  forms  bulge  out  at  the  midsection 
and  are  narrow  at  the  ends, 

2)  for  0<A<1,  the  hull  forms  neck  In  at  the  midsection 
and  bulge  out  at  the  ends, 

3)  for  A>1,  the  hull  form  may  be  Imaginary. 

There  la  no  clear-cut  dividing  line  as  to  what  type  of  body 
geometry  a  hull  may  have  and  still  be  considered  reasonable. 
However,  the  perturbed  bodies  with  A  <0.5  generated  from  a 
spheroid  could  easily  be  considered  reasonable  forms. 

The  fact  that  the  body  geometry  for  minimum  wave 
resistance  varies  with  Proude  number  and  Immersion  ratio  makes 
it  apparent  that  there  is  no  single  hull  that  cein  have  mini¬ 
mum  wave  resistance  over  a  range  of  Proude  numbers  and  sub¬ 
mergence  depths.  However,  from  Pig.  1  and  eq.  33,  for  arbit¬ 
rary  values  of  A  reuiglng  from  -  .20<A<1,  there  is  associated 
a  hull  form  which  will  have  a  minimum  at  some  P  and  f/L.  Por 
example:  for  A  =  -  .20,  the  minimum  will  occur  between  P  =  .28 
and  .30.  With  this  in  mind,  A  =  -.20,  .25,  .50  and  .75  were 
chosen  to  Illustrate  the  results  of  this  analysis.  The  Proude 
number  and  submergence  ratio  corresponding  to  the  minimum  for 
the  above  perturbation  parameters  are  shown  In  Pig,  2.  The 
associated  normalized  doublet  distributions  and  the  approxi¬ 
mate  hull  form  are  shown  respectively  in  Pigs.  3  and  4. 

Plgures  5  and  6,  respectively,  show  the  wave-resis¬ 
tance  variation  with  Proude  number  and  immersion  ratio.  As 
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would  be  expected,  the  wave  resistance  over  the  entire  Proude- 
number  range  Is  affected  by  the  geometrical  change  resulting 
from  the  perturbation.  For  A  >0  the  wave- resistance  coeffi¬ 
cient,  In  general,  has  a  reduction  at  high  Proude-number 
values,  but  shows  considerable  Increase  at  low  values,  es¬ 
pecially  when  the  body  moves  toward  the  free  surface.  Also, 
for  A  <0,  the  wave- real stance  coefficient  reduces  at  low  but 
Increases  at  high  Proude  numbers. 
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APPENDIX 

Evaluate  the  surface  Integral  of  the  form 

I  =J^^1  -  -  (^)®  coBOx  coaPydxdy 

over  the  surface  of  aun  ellipse 

(|)=  +  (|)»  =  I 

where  a  and  ^  are  arbitrary  constants. 

Let  X  =  asln0cos  0  and  y  =  bco80,  then  the  element  surface 
becomes  ds  =  absln^^slned^d©  . 

Upon  change  of  vau^lables^  the  Integral  I  can  be  written  as 

I  =  Ij  sln®i3!)sln®0  cos  |(aaBln0)co8©jcos(b^cos0)d6d0  . 
Denoting  7  «  aasln0,  and  Integrating  with  respect  to  9: 

c'" 

P(7)  =1  8ln®9  co8(7coB0)de 
•(D 

=  -  J  Sln0COB(  7008  0)  d(7CO80). 

Integrating  P(7)  by  parts,  we  obtain 

P(7)  =  4  J  CO80  Bln(7co80)d0  =  ~  Jj^(7)  • 

Substitute  P(7)  back  Into  i;  then  I  becomes 

I  =  J  8ln*<W  (aa8ln0)co8(bj3co80)d0 
0  ^ 

but  cos6  ■#  j-j  («) 
therefore 
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^  j*  J^(aasln0)  J  ^  (b)3cos0) 
0 


cos  0  sin‘‘0d0 


Prom  ref.  13,  under  Sonlne's  second  finite  Integral,  the 
expression  I  Is  of  the  form 


I  “(wV  27rab) 


*^3/2  aa)®+(b/3)®) 

N(aa)*+(b^)2)“^^ 
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FIGURE  2.  MINIMUM  WAVE  RESISTANCE  OF  THREE  PERTURBED  SPHEROID  AS  A 
FUNCTION  OF  FROUDE  NUMBER  AND  IMMERSION  RATIO. 
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